Abstract
Introduction
The effective assimilatation of radar data into a numerical weather prediction (NWP) model covariances through the use of both the forward and backward models. In recent years, the 88 4DVAR technique has helped improve global forecasts at several operational NWP centers, 89 including the European Centre for Medium-Range Weather Forecasts, Meteo-France, 90 Meteorological Service of Canada, and Japan Meteorological Agency (JMA) [13] . Research has 91 also focused on storm-scale radar data assimilation using the 4DVAR method by Sun and Crook 92 [14] [15] [16] . In these studies, both radial velocity and reflectivity data were assimilated into a over variational methods is that it can explicitly evolve and carry the background error 106 covariances through the assimilation cycles. However, one of the major sources of error with 107 ensemble-based DA is covariance matrix rank deficiency or sampling error as a result of a 108 relatively small ensemble size [27, 28] . This problem can be more severe with storm-scale data 109 assimilation because the degrees of freedom of the system are typically even larger relative to the 110 practical ensemble size. The commonly utilized remedy to the rank deficiency problem is to 111 apply covariance localization by a Schur product as introduced by Houtekamer and Mitchell 112 [27] . This solution, however, prevents the use of distant correlations that are physically 113 meaningful. Further, the modification to the spatial covariances within a cut-off radius by a 114 Schur product also introduces imbalances, and the effect is more substantial when the 115 localization is more restrictive [28] . This problem may be remedied or reduced when using a 116 hybrid 3DVAR and EnKF method. 117 As discussed above, the 3DVAR method is attractive for convective scale assimilation 118 because of its computational efficiency and the ease by which weak constraints can be added. The rest of this paper is organized as follows. In section 2, we introduce the hybrid EnKF-146 3DVAR system developed in this study. Section 3 describes the DA experiment design.
147
Experiment results and quantitative performance are assessed in section 4. We conclude in 148 section 5 with a summary and outlook for future work. within the 3DVAR cost function, which can be written as, In the current study, the hybrid system will assimilate both radar reflectivity and radial 188 velocity data. Within this system, flow-dependent background-error covariances, in particular 189 cross-covariances between microphysical and dynamic variables, will be derived and utilized.
190
The single-resolution version of the EnKF system of Gao The simulated radial velocity observations are assumed to be available on the grid points.
234
The simulated radial velocity, v r , is calculated from, (Fig 2a, b) . However, the 3DVAR cannot provide increments for potential 276 temperature (Fig. 2d) , though updated potential temperature can be obtained through a cycled patterns, and the strength of the cold pool from both EnKF and hybrid EnKF-3DVAR agree very well with the simulated truth ( Fig. 3a) and are better than the result using 3DVAR (Fig. 3b) radars. Figure 5 shows the final assimilation results after 16 assimilation cycles. As expected, the 328 low-level flow, reflectivity patterns, and the strength of the cold pool look much better (Fig. 5b ) 329 for 3DVAR (Fig. 5b) , especially for the reflectivity field. The pattern for potential temperature is 330 improved when compared with the single radar experiment (Fig. 3b) , but is still not as good as 331 the truth simulation (Fig. 5a ) and that for EnKF (Fig. 5c ) and the hybrid EnKF-3DVAR (Fig.   332 5d). So with more data used, the results for 3DVAR are improved. Again, the most obvious data from two radars are used compared to when data from a single radar is used for 3DVAR.
344
The other features are quite similar to the cases when data from a single radar are used. The method is applied to the assimilation of radar data from a simulated supercell storm. Thus, precipitation exists from the beginning of the model integration.
364
Our future studies will try to answer a number of key questions within the hybrid EnKF-365 3DVAR framework just described. Fig. 1 . Illustration of cycle used in a hybrid EnKF-3DVAR analysis scheme. 
